Electronic property variations of a two-dimensional electron gas ͑2DEG͒ in modulation-doped step quantum wells due to an embedded potential barrier were studied by performing Shubnikov-de Haas ͑SdH͒, Van der Pauw-Hall-effect, and cyclotron resonance measurements on two kinds of In x Ga 1Ϫx As/In y Al 1Ϫy As step quantum wells which were one without and the other with an embedded barrier. The fast Fourier transformation results for the SdH data at 1.5 K indicated the electron occupation of two subbands in both step quantum wells. The total electron carrier density and the mobility of the 2DEG in the step quantum well with an embedded barrier were smaller than those in the quantum well without an embedded barrier. The electron effective masses were determined from the slopes of the main peak absorption energies as functions of the magnetic field, and satisfied qualitatively the nonparabolicity effects in both quantum wells. The electronic subband energies, the wave functions, and the Fermi energies were calculated by using a self-consistent method taking into account exchange-correlation effects together with strain and nonparabolicity effects. These present results indicate that the electronic parameters in modulation-doped In x Ga 1Ϫx As/In y Al 1Ϫy As step quantum wells are significantly affected by an embedded barrier.
I. INTRODUCTION
Recently, In x Ga 1Ϫx As/In y Al 1Ϫy As strained quantum wells have been very attractive because of their potential applications in electronic and optoelectronic devices. [1] [2] [3] [4] [5] [6] [7] [8] Such In x Ga 1Ϫx As/In y Al 1Ϫy As systems are also excellent candidates for investigation of fundamental physical properties, because their larger conduction band offsets enable greater confinement and higher carrier concentration and their smaller electron effective masses lead to a larger mobility in the quantum well channel. 9, 10 Since the nonparabolicity of the conduction band in In x Ga 1Ϫx As is significant, quite different values of the electron effective masses are expected for different subbands. 11 Even though extensive work concerning the electrical and the optical properties of the two-dimensional electron gas ͑2DEG͒ in various single quantum wells has been conducted, 12 very little work has been performed on step quantum wells. 13 Furthermore, step quantum wells are currently receiving considerable attention because of the possibility of enhancing both their Stark shifts and oscillator strengths. 14 This article reports electronic parameters of the 2DEG in two kinds of modulation-doped In x Ga 1Ϫx As/In y Al 1Ϫy As step quantum wells; one sample is a usual step quantum well and the other has an additional embedded barrier layer. Magnetotransport and magneto-optical studies have been performed to investigate the effects of the embedded layer on the electronic parameters of the quantum wells. Shubnikov-de Haas ͑SdH͒ and Van der Pauw-Hall-effect measurements were performed in order to investigate the electronic parameter behaviors of the 2DEGs. Cyclotron resonance measurements were carried out to investigate the nonparabolicity behavior of the effective masses of the 2DEGs occupying the quantum wells. The electronic subband energies, the wave functions, and the Fermi energies were calculated by using a self-consistent method taking into account exchange-correlation effects together with strain and nonparabolicity effects. Electronic parameters of the 2DEGs in modulation-doped In x Ga 1Ϫx As/In y Al 1Ϫy As step quantum wells without and with an embedded barrier were compared.
II. EXPERIMENTAL DETAILS
The two kinds of samples used in this study were grown on Fe-doped semi-insulating ͑100͒-oriented InP substrates by using metalorganic chemical vapor deposition, and consisted of the following structures from the top: a 90 Å Si-doped (1ϫ10 19 As superlattice buffer layer. In one sample ͑sample A͒, the quantum well layers are a usual step quantum well made of a 100 Å undoped In 0.7 Ga 0.3 As deep layer and a 100 Å undoped In 0.53 Ga 0.47 As shallow layer. In the other sample ͑sample B͒, the quantum well layers consisted of a 70 Å undoped In 0.7 Ga 0.3 As deep layer, a 30 Å undoped In 0.3 Ga 0.7 As potential barrier, and a 100 Å undoped In 0.53 Ga 0.47 As shallow layer. The In mole fractions of the In x Ga 1Ϫx As layers were graded by changing the Ga cell temperature. The compositions of the layers were measured by using double-crystal x-ray diffraction and photoluminescence measurements, and the thicknesses of the layers were determined from the growth rate and the cross-sectional high-resolution transmission electron microscopy measurements.
The SdH and Hall-effect measurements were carried out at a temperature of 1.5 K in magnetic fields up to 18 T in an Oxford superconducting magnet system by using a Keithley 181 nanovoltmeter. Ohmic contacts to the samples were made by diffusing a small amount of indium through several layers at 400°C in a hydrogen atmosphere for approximately 10 min. Cyclotron resonance measurements were made with a Bomen DA-3 far-infrared spectrometer in conjunction with a 16 T superconducting magnet system, and the sample substrates were wedged by 5°to avoid multiple-reflection interference.
III. RESULTS AND DISCUSSION
The existence of free electrons with a high degree of mobility in both samples A and B was demonstrated by using Van der Pauw-Hall-effect measurements at 1.5 K. The carrier densities and mobilities determined by the Hall measurements are shown in Table I . SdH measurements were carried out in order to investigate the nature of the free carriers providing the high conductivity at 1.5 K. The results of the SdH measurements with the magnetic field oriented normal to the interface are shown in Fig. 1 . The SdH oscillations in Fig. 1 clearly show multiple frequencies, indicative of the occupation of the several subbands by 2DEGs in both samples. These oscillations vary dramatically with the angle between the magnetic field and the surface normal, indicative of a 2DEG occupation of the quantum wells. Since the SdH oscillations are periodic in the inverse magnetic field, 15 the oscillation frequencies of the 2DEGs occupying the subbands were obtained by digitizing the data linearly in terms of the reciprocal magnetic field. After high-pass filtering and fast Fourier transformation ͑FFT͒, the frequency peaks of the FFT results were obtained. The carrier densities of the 2DEGs occupying the ground and the first excited subbands determined from the SdH data for both samples are also summarized in Table I . The total carrier density and the mobility of the 2DEG in sample B were smaller than those in sample A. The smaller density in sample B is expected since the embedded barrier effectively reduces the well depth. The smaller mobility may be due to the interface scattering resulting from the embedded potential barrier.
The transmittance spectra were taken with the farinfrared light incident normal to the sample surface in the Faraday configuration for several different magnetic fields. The transmittance spectra were normalized by using a spectrum taken at zero field, and the normalized spectra for samples A and B are presented in Figs. 2 and 3 , respectively. Lorentzian fitting of the absorption spectra revealed two peaks for both samples. The electron effective masses of the 2DEGs are determined from the relationship between the FIG. 1. Shubnikov-de Haas results at 1.5 K for the In x Ga 1Ϫx As/In y Al 1Ϫy As step quantum wells ͑a͒ without and ͑b͒ with an embedded barrier. TABLE I. Carrier densities and the electron mobilities determined from the SdH and the Hall-effect measurements at 1.5 K and the electron effective masses obtained from the transmittance measurements at 4.2 K for the In x Ga 1Ϫx As/In y Al 1Ϫy As step quantum wells without and with an embedded barrier.
Step quantum well without an embedded barrier ͑sample A͒
Step quantum well with an embedded barrier ͑sample B͒ The corresponding values in sample B were (0.0623Ϯ0.005) and (0.052 98Ϯ0.000 07) m e . The values for the electron effective masses in both samples demonstrate qualitatively the nonparabolicity effects of the conduction band. In addition to the nonparabolic band effect, the longitudinal-optical phonon polaron coupling effect might enhance electron effective masses of 2DEGs. 11 These electron effective masses are larger than those in In 0.53 Ga 0.47 As/In 0.52 Al 0.48 As single quantum wells. 11 In order to determine the subband energies, the wave functions, and the carrier densities in the modulation-doped quantum wells, we used a self-consistent numerical calculation method taking into account the exchange-correlation effects, as well as the strain and the nonparabolicity effects. 16 -18 The dielectric constants of both the In 0.52 Al 0.48 As and the In x Ga 1Ϫx As were taken to be 13.5, 19 and the conduction band-edge discontinuities at the In 0.52 Ga 0.48 As/In 0.7 Al 0.3 As, the In 0.7 Ga 0.3 As/In 0.53 Ga 0.47 As, the In 0.7 Ga 0.3 As/In 0.3 Ga 0.7 As, and the In 0.53 Ga 0.47 As/ In 0.52 Al 0.48 As heterointerfaces, taking into account the strain effects, were 302, 131, 300, and 555 meV, respectively. 23 For the given electron density determined from the SdH measurements, the subband energies and the subband wave functions could be calculated in a self-consistent manner. The results of the self-consistent numerical calculations for the electronic subbands for sample B are shown in Fig. 6 . These results show that a 2DEG occupied two subbands below the Fermi energy in the In x Ga 1Ϫx As quantum well. The calculated values of the first excited and the ground subband eigenenergies and the Fermi energy in sample A are 163, 277, and 302 meV, respectively, from the bottom of the potential well, and those in sample B are 175, 316, and 324 meV, respectively. The eigenfunctions in sample B are shown by the dashed lines in Fig. 6 .
IV. SUMMARY AND CONCLUSIONS
The results from the SdH measurements at 1.5 K and their FFT analyses demonstrated clearly the occupation by a 2DEG of two subbands in modulation-doped In x Ga 1Ϫx As/In y Al 1Ϫy As step quantum wells without and with an embedded barrier. The electron carrier density and the mobility of the 2DEG in the step quantum well with an embedded barrier were smaller than those in the quantum well without an embedded barrier. The cyclotron resonance results qualitatively demonstrate the nonparabolicity effect in both step quantum wells. The electronic subband energies, the energy wave functions, and the Fermi energies in the strained step quantum wells were calculated selfconsistently. The present results show that the embedded barrier layer can alter significantly the electronic parameters of the quantum wells.
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